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The mechanism on the formation of theu-CuGa2 phase in binary Cu–Ga alloys has been
investigated through mechanical alloying(MA ) of blended elemental powders by varying process
variables such as milling time and milling temperature. The particle size distribution was very broad
at the beginning of milling but became narrower as the milling time increased and steady-state
equilibrium was reached. The average powder particle size reached a peak value of 270mm at
30 min of milling and then continued to decrease gradually to 6mm on milling for 20 h. Formation
of the u-CuGa2 phase started to occur even after milling for 2 min and was completed after 1 h of
milling. Melting of Ga was noted in the early stages of milling, probably due to the rise in powder
temperature. To discount the possibility that the melting of Ga was responsible for theu-p ase
formation, milling was conducted at lower temperatures by dripping liquid nitrogen on to the
container. Theu-phase still formed, suggesting that its formation was not related to the melting of
Ga and that it was formed by a solid-state reaction even at low temperatures. The compositional
homogeneity range of theu-phase was also extended under the MA conditions. Details of the
mechanism of phase formation, as observed by x-ray diffraction and scanning electron microscopy
methods, are presented. ©2004 American Institute of Physics. [DOI: 10.1063/1.1808243]
I. INTRODUCTION
Mechanical alloying (MA ) is a powder processing
method that involves repeated cold welding, fracturing, and
rewelding of powder particles in a high-energy ball mill.1
Intense plastic deformation of the powder particles leads to
the creation of a variety of crystal defects, which act as short-
circuit diffusion paths for alloying to occur.2,3 Further, the
rise in powder temperature due to the ball-to-ball, ball-to-
powder, and ball-to-wall collisions during milling aids this
diffusion process(and consequently alloying).4–6 Since dif-
fusion occurs faster at higher temperatures, alloying during
the milling of metal powders has been considered by some
researchers as a high-temperature process.7 It has been
shown that the products of MA include different types of
equilibrium and nonequilibrium phases such as solid
solutions,8–12 intermetallics,8–10,13,14 amorphous
alloys,8–10,15,16 and nanostructured materials.8–10,17,18 Such
mechanically alloyed products, including oxide dispersion
strengthened superalloys, find several different
applications.9,10
Even though MA has been able to synthesize a variety of
intermetallic phases in different alloy systems, the mecha-
nism for their formation during MA is still not clear.9,10 One
of the early mechanisms suggested by Ermakovet al.7 for the
formation of amorphous phases was that the metal powders
locally experience a very high temperature sufficient enough
to melt them. Subsequent rapid solidification due to the mass
of cold powder surrounding it leads to the formation of meta-
stable phases, including amorphous phases. This is very
similar to the rapid solidification process, which has been
shown to produce a variety of metastable phases including
supersaturated solid solutions, intermetallics, and amorphous
phases.19–21
Kwon et al.22 have also recently synthesized Fe–Ge in-
termetallic phases stable at elevated temperatures. Since they
could not directly obtain the phases stable at low tempera-
tures, the authors concluded that MA is a high-temperature
process. However, there have been reservations about the
general applicability of this model to the MA alloys. For
example, if the same formation mechanism were to operate
in powder mixtures subjected to MA and rapidly solidified
alloys, the types of metastable phases formed and the com-
position ranges in which they form should be very similar.
But, many significant differences have been noted in alloys
subjected to these two different nonequilibrium processing
techniques.10 Further, it has been shown in several experi-
mental measurements that the maximum temperature rise in
the milled powder was not more than about 120 °C.9,10,23
Therefore, it has been suggested that MA is a low-
temperature processing technique.24 But, some investigators
question the possibility of forming low-temperature phases
by MA. Further, the conditions under which an alloy phase
forms may also be affected by the processing conditions,
subsequent heat treatment, and possible impurities in the al-
loy powder. Thus, the present investigation has been under-
taken to provide additional evidence whether low-
temperature phases form in mechanically alloyed powder
mixtures and also on the mechanism of their formation. For
this purpose, we chose the Cu–Ga alloy system, since it con-
tains a number of intermetallic phases. Attention was, how-
ever, focused on theu-CuGa2 phase, since this is a low-
temperature phase in this alloy system.a)Electronic mail: csuryana@mail.ucf.edu
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The reaction of gallium or liquid gallium-based eutectics
with metal powers such as Cu, Ag, Au, Ni, or Sn has been
investigated due to the possible use of these alloys as low-
temperature solders or as dental filling materials.25–27 It has
been shown that the reactivity of the metal powders could be
controlled by optimizing the process parameters during the
mechanical alloying of powder mixtures.28,29
The Cu–Ga equilibrium phase diagram shows the pres-
ence of ten different phases, as shown in Fig. 1.30 It may be
noted that theu-CuGa2 phase, which is stable in the low-
temperature region(below 254 °C) cannot be easily synthe-
sized under equilibrium conditions due to the occurrence of a
series of peritectic reactions. Therefore, alternate methods
need to be adopted to produce such low-temperature phases.
One such possible method is the MA. Synthesis of this phase
by MA could also prove that alloying by MA is not a high-
temperature process and that a variety of different phases of
different thermal stability could be synthesized by MA.
II. EXPERIMENTAL PROCEDURE
Appropriate amounts of elemental powders of Cu(pow-
der of +170–−400 mesh size, 99.9% purity, and containing
,1,000 ppm oxygen) and Ga(granules of 99.999% purity)
were mixed together to obtain the desired composition of
Cu-66.7 at % Ga. MA was conducted in a SPEX 8000 mixer
mill using a hardened steel vial. Since powder contamination
could alter the stability of a phase, we have selected Cu–Be
grinding medium to prevent/minimize contamination of the
milled powder. The main channels by means of which oxy-
gen gets into the MA product are surface oxides and oxygen
trapped from the atmosphere during milling. To reduce the
contamination associated with oxygen and oxides, loading
and unloading of the powders was always conducted in a
glove box, which was constantly maintained under a protec-
tive argon atmosphere.
For each experiment, 10 g of the blended elemental
Cu–Ga powder mix and 100 g of the Cu–Be balls were
loaded into the milling container. About 1 wt % of stearic
acid was also added to the powder mix to act as a process
control agent to minimize the excessive cold welding of the
powder particles amongst themselves and also to the inner
walls of the milling container, this prevents the formation of
large agglomerates. The ball-to-powder weight ratio was
maintained at 10:1 during milling. Since the melting tem-
perature of Ga is very lows29.8 °Cd, there is likelihood of
Ga melting during the milling process. Consequently, the re-
action may be between a liquid and a solid. In order to pre-
vent Ga from melting and observe the phase transformations
truly in the solid state, liquid nitrogen was dripped on the
surface of the vial during milling.
Scanning electron microscopy(SEM) was employed to
determine the size and shape of the powders both in the
unmilled and mechanically alloyed conditions. The powder
size at different milling times was measured from SEM mi-
crographs. The x-ray diffraction(XRD) patterns were re-
corded at different stages of milling using a Rigaku diffrac-
tometer using CuKa radiationsl=0.1542 nmd at 40 kV and
40 mA settings. The XRD patterns were recorded in the 2u
range of 20°–80°, with a step size of 0.02° and a step dura-
tion of 0.5 s. Lattice parameters of the different phases were
calculated using standard x-ray diffraction procedures.31,32
III. RESULTS AND DISCUSSION
A. Powder size and morphology
Figure 2 shows the typical morphology of the initial Cu
powders used in this investigation, as observed by SEM. The
powders have a size range of approximately 40–100mm, a
smooth surface and a spherical shape. Figure 3 shows the
SEM micrographs of the blended elemental Cu-66.7 at %
Ga powder mix after MA. Milling for 30 min lead to an
increase of powder size from an initial average value of
68 mm (before milling) to about 270mm, noting that the
milled powders are nearly irregular in shape and that they
have rough surface features. The size distribution of the
milled powder was not homogeneous. Further, the coarse
powder particles seem to consist of several layers and some
of the large particles appeared to be formed by the agglom-
eration of smaller particles. On milling for 1 h, the average
powder particle size dramatically decreased to about 35mm.
On continued milling, the power particle size further de-
creased to 14mm at 5 h and 6mm at 20 h, respectively. The
FIG. 1. Equilibrium diagram of the Cu–Ga system(Ref. 30). FIG. 2. Typical morphology of the initial pure Cu powder as observed by
scanning electron microscopy. The powder has a smooth surface and a
spherical shape.
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particle size distribution was very broad at the beginning of
milling but became narrower as the milling time increased
and steady-state conditions were established. Figure 4 shows
a plot of the average powder particle size as a function of
milling time, and one could notice that the powder particle
size peaked at an approximate milling time of 30 min and
then decreased rapidly from about 30 min to 1 h. Subse-
quently, the rate of decrease of particle size was minimal.
B. Phase formation
The x-ray diffraction patterns of the Cu-66.7 at % Ga
powder blends milled for 2, 5, and 15 min are presented in
Fig. 5. The powder milled for 2 min consisted of thea-Cu
andu-CuGa2 phases. The position of the diffraction peaks of
the copper phase shifted to lower 2u positions with increas-
ing milling time, suggesting an increase in the lattice param-
eter. The lattice parameter of the Cu phase at 15 min of mill-
ing was calculated to be 0.3624 nm. From the literature
data,30 it appears that about 3.5 at % Ga has dissolved in Cu
and therefore the Cu phase will be referred to asa-Cu, indi-
cating the formation of a solid solution of Ga in Cu. This
value of the solid solubility is much less than the value of
20.6 at % under equilibrium conditions. Formation of the in-
termetallic under the MA conditions might have restricted
the amount of solid solubility.
The weaku-CuGa2 peaks of 101 and 102 were observed
even at a short milling time of 2 min. No elemental Ga peaks
were seen. After milling for 5 min, the diffraction patterns
showed the samea-Cu andu-CuGa2 phases, but the inten-
sity of the a-Cu phase peaks decreased and that of the
u-CuGa2 phase increased significantly. With continued mill-
ing to 15 min, the XRD pattern showed that the intensities of
the a-Cu phase decreased considerably and showed only
peaks of a very low intensity. However, the intensity of the
u-CuGa2 phase peaks was very high, suggesting formation of
large quantities of theu-CuGa2 phase at the expense of pure
Cu. A few low-intensity peaks of an unknown phase may
also be noted at this stage.
Figure 6 shows the XRD patterns of the powder blend
milled from 15 min to 20 h. As mentioned, the XRD patterns
of the powder milled for 15 min revealed the presence of
predominantly theu-CuGa2 phase and a small amount of the
a-Cu phase, in addition to a few low-intensity peaks of an
unidentified phase. This unidentified phase appears to be a
transition phase since peaks corresponding to this phase had
disappeared on milling for a longer period. After 20 min of
MA, peaks due to the presence of only theu-CuGa2 phase
were observed. From this, it could be concluded that 20 min
of milling was sufficient for the homogeneous formation of
the u-CuGa2 phase.
C. Homogeneity range of the u-phase
The angular positions of theu-CuGa2 phase have
changed slightly with the milling time, and consequently, the
FIG. 3. Variation of morphology of the milled Cu-66.7 at. % Ga powder
blend as a function of milling time.(a) 30 min,(b) 1 h, (c) 5 h, and(d) 20 h.
Note the increase of average powder particle size at 30 min and subsequent
gradual decrease.
FIG. 4. Average powder particle size of the milled Cu-66.7 at. % Ga pow-
der blend as a function of milling time. Note the peaking of particle size at
30 min.
FIG. 5. X-ray diffraction patterns of the blended elemental Cu-66.7 at. %
Ga powder mixture milled(without liquid nitrogen) for a short time.(a)
2 min, (b) 5 min, and (c) 15 min. Note increase of intensity of the
u-CuGa2 phase and decrease of Cu peaks with increasing milling time.
6122 J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 S. Hong and C. Suryanarayana
a and c parameters of the tetragonalu-CuGa2 phase have
been found to increase in the initial stages and then decrease
with milling time (Fig. 7). This variation can be understood
in terms of the atomic sizes of the constituent Cu and Ga
atoms (atomic diameters of Cu and Ga are 0.2556 and
0.2484 nm, respectively) and the Ga content present in the
phase. The lattice parameters of theu-CuGa2 phase increased
in the very early stages of milling(up to 15 min) and then
started to decrease quite rapidly from 15 min to 1 h of mill-
ing time and then more slowly. The lattice parameters re-
mained almost constant beyond about 10 h. Thus, the
u-CuGa2 phase with the equilibrium lattice parameters(a
=0.2830 nm andc=0.5839 nm) (and composition) has
formed after about 10 h of milling the powders.
Based on the equilibrium lattice parameter versus com-
position data,30 the change in lattice parameter data could be
related to the amount of Ga present in theu-CuGa2 phase. It
has been reported that the lattice parameters of the Cu–Ga
intermetallic phases decrease with an increase in the Ga con-
tent. Since both thea andc parameters of theu-CuGa2 phase
increased with milling time in the early stages, it may be
inferred that the Ga content in theu-CuGa2 phase was high
to start with and then started to decrease with milling time. It
has been shown that, during the MA of blended elemental
powders and also during diffusion anneal of thin-film
couples, the first phase to form is usually the one that con-
tains a higher amount of the fast-diffusing species(i.e., the
lower melting point metal).33–35Accordingly, it could be ex-
pected that theu-CuGa2 phase will form first during the MA
of Cu–Ga powders and that it may also contain a higher
amount of Ga, as observed in the present investigation. Sub-
sequent to its formation, the concentration gradients present
in the milled powder will tend to disappear to attain equilib-
rium, and consequently, the Ga content in the phase tends to
decrease. This is not unreasonable to assume since the pow-
der is in a highly metastable condition. Subsequent to this
stage, the powder size is at nanometric level and conse-
quently, more Ga can get dissolved in the phase and there-
fore, the Ga content in the phase will again increase. The
powder temperature rise(as evidenced by the melting of Ga
during milling) will allow the phase to go towards equilib-
rium and as a result, the composition of the final phase to
form will have the near-equilibrium Ga content in the
u-CuGa2 phase.
Since pure Cu, Ga, and CuGa2 phases were present, the
u-CuGa2 phase with the higher or lower Ga content may be
considered to be present under metastable conditions. In
other words, since theu-CuGa2 phase contains widely vary-
ing amounts of the Ga content, it could be interpreted that
theu-CuGa2 phase has increased compositional homogeneity
range under the conditions of MA. Similar situations were
reported in other alloy systems also.36,37
FIG. 6. X-ray diffraction patterns of the blended elemental Cu-66.7 at. %
Ga powder mixture milled(without liquid nitrogen) for (a) 15 min, (b)
20 min, (c) 1 h, (d) 5 h, (e) 10 h, (f) 15 h, and(g) 20 h. Note the presence
of a transition phase in the powder milled for 15 min, whose peaks disap-
peared on continued milling. Also note that intensity of the{001} peaks of
the u-CuGa2 phase decreased and that of the{h00} peaks increased with
milling time.
FIG. 7. Variation of(a) a and(b) c lattice parameters of theu-CuGa2 phase
as a function of milling time. Note that both the parameters increased with
milling time in the early stages of milling and then subsequently decreased
indicating that the Ga content in theu-CuGa2 phase was less in the early
stages and high in the later stages of milling. The dashed horizontal line in
both the figures represents the equilibrium lattice parameter.
J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 S. Hong and C. Suryanarayana 6123
On continued milling to 1 h, the intensity of the CuGa2
phase peaks increased further suggesting an increased
amount of theu-CuGa2 phase in the milled powder. This
observation indicates that probably some pure copper(and/or
gallium) was still present at 20 min of milling, but its
amount was too small to be detected by the XRD technique.
With continuation of milling from 5 to 20 h, the intensity of
theu-CuGa2 phase peaks decreased and the half width of the
peaks increased. Both the 002 and 100 peaks merged into
one peak. Further, the intensity of the{001} peaks decreased
and those of the{h00} peaks increased with milling time,
suggesting that some sort of texturing is occurring in the
milled powders. These observations clearly suggest that the
formation of theu-CuGa2 phase was apparently completed at
1 h of milling time and that further milling resulted only in
refinement of the microstructural features and introduction of
lattice strain, leading to broadening of peaks. This trend con-
tinued up to 20 h of milling, the maximum time used in the
present investigation.
D. Mechanism of formation of the u-CuGa2 phase
From the above discussed XRD results, it may be con-
cluded that it was possible to start forming the low-
temperatureu-CuGa2 phase by milling the blended elemental
powders of copper and gallium for a very short time of
2 min. However, complete formation of theu-CuGa2 phase
occurred on 1 h of milling. Let us now look at the mecha-
nism by which theu-CuGa2 phase would have formed. Since
Ga is a low-melting temperature metal, it might have melted
during milling. Consequently, it is possible that theu-phase
has formed due to the fast diffusion kinetics of Cu through
molten gallium. Alternately, theu-CuGa2 phase could also
have formed by solid-state diffusion processes through short-
circuit diffusion paths created through lattice defects gener-
ated in the milled powder.
Kwon et al.22 reported that on mechanically alloying
Fe–Ge powder blends, they were able to synthesize only the
congruently melting high-temperature compounds, viz.,b
and FeGe2 phases. On the other hand, the low-temperature
phases such as«8-Fe3Ge andx-Fe6Ge5 could not be synthe-
sized by the direct MA experiments. Instead, long annealing
treatments of the MA powders were required to form these
low-temperature phases. Based on these results, the authors
concluded that MA is a high-temperature process, similar to
what was proposed by Ermakovet al.7 According to these
arguments, it should not be possible to synthesize the
u-CuGa2 phase in Cu–Ga alloys directly by MA. Instead, one
should perhaps obtain just a solid solution of Ga in Cu. But,
the result obtained in the present investigation is quite differ-
ent from this predicted behavior.
If the u-CuGa2 phase in the Cu–Ga system were to form
by solidification of the molten regions, then the first phase
that would form from the melt of Cu-66.7 at. % Ga compo-
sition is g (or even b, depending on the temperature at-
tained). On lowering the temperature, the sequence of phase
formation would beg1, then g2, and finally theg3 phases.
Eventually, theu-CuGa2 phase would form by a peritectic
reaction between theg3 and liquid phases. Since peritectic
reactions are sluggish in nature,38 formation of the final prod-
uct phase requires considerable amount of time. But, it has
been noted in the present investigation that theu-CuGa2
phase started forming even after milling for only 2 min and
its amount increased with milling time, even at short milling
times. Complete formation of the phase was noted after 1 h
of milling. Therefore, it is difficult to believe that the
u-CuGa2 phase had formed by a high-temperature process
due to the excessive rise of powder temperature, which led to
the melting of Ga in the powder mix.
Since Ga has a low melting temperature, it is possible
that Ga can easily melt during the MA due to the temperature
rise during milling. But, we did not find evidence of melting
of Ga in the powders milled for 2 min. However, the powder
milled for 5 min showed signs of melting of Ga, probably
due to the increase of powder temperature.
Figure 8 schematically summarizes the particle refining
process and phase formation in the blended elemental Cu
-66.7 at % Ga powder mix during MA. After 2 min of mill-
ing, the powder blend was in the solid state; granules of Ga
could also be observed. Formation of theu-CuGa2 phase was
also observed, as indicated by the XRD evidence(Fig. 5).
But, on milling for 5 min, the granule-shaped Ga was com-
pletely melted. On further milling to 15 min, the molten Ga
and solid Cu powder were combined to form a slushy mix-
ture containing mostly theu-CuGa2 phase and a small quan-
tity of a-Cu. On milling for 30 min, the slushy material
transformed completely to theu-CuGa2 phase. A small quan-
tity of the powder was stuck to the grinding balls and not
onto the vial wall. Further milling to 1 h resulted in signifi-
cant particle refinement without sticking to the balls or the
vial walls.
From the above results, it is not clear whether the CuGa2
phase has formed in the solid state or not because Ga was
FIG. 8. Schematic diagram showing the evolution of particle size and phase
formation in the blended elemental Cu-66.7 at. % Ga powder mixture as a
function of milling time.
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melted during the milling. For obtaining a better understand-
ing of the phase formation mechanism and reactivity of the
powders in the solid state during the MA, the Cu-
66.7 at % Ga powder blend was milled while liquid nitrogen
was dripped onto the container. Figure 9 shows the XRD
patterns of such powders milled from 3 min to 40 min. It
was possible to prevent melting of Ga using liquid-nitrogen
drip on milling for short times. However, the powder milled
for 40 min still showed signs of melting(in small areas) of
Ga, suggesting that the temperature rise during long milling
was above 30 °C.
The XRD patterns of the powder milled for 3 min(with
liquid-nitrogen cooling) revealed the presence of the
u-CuGa2 anda-Cu phases, similar to what was observed in
the powder milled for 2 min without liquid nitrogen(Fig. 5).
Additionally, peaks of the unknown phase, observed at
15 min of milling without the liquid-nitrogen cooling, were
also noted. Further, the relative intensity of these peaks is
quite high, suggesting a significant amount of this unknown
phase. This probably is an indication that this unknown
phase has a very low thermal stability and that it is stable at
very low temperatures. After milling for 10 min, the XRD
patterns showed the same peaks. However, the intensity of
the a-Cu peaks decreased and that of theu-CuGa2 phase
increased. With continued milling to 40 min, the intensity of
the u-CuGa2 phase peaks increased much more with only
one very weaka-Cu phase peak at about 2u=43° value.
Thus, it may be concluded that theu-CuGa2 phase had
formed on the MA, irrespective of whether the melting of Ga
had occurred or not. That is, theu-CuGa2 phase has easily
formed in the solid state at low temperatures confirming that
the MA is a low-temperature process.24
IV. CONCLUSIONS
The present investigation was undertaken to provide ad-
ditional evidence on the mechanism of formation of the low-
temperatureu-CuGa2 phase in the mechanically alloyed
Cu–Ga powder blends. Based on the results presented the
following conclusions can be drawn:
(1) The initial powder of about 40–100mm size became
spherical and smooth on milling for 20 h with a size of
6 mm.
(2) Formation of the low-temperatureu-CuGa2 phase was
initiated at an early stage of 2 min and completed on
milling the powder for 1 h.
(3) The compositional homogeneity range of theu-CuGa2
phase seems to have been increased under the MA con-
ditions.
(4) Formation of theu-CuGa2 phase was not related to melt-
ing of Ga, since the phase had formed both when the
powders were normally milled when the Ga particles
melted and also on milling at low temperatures by drip-
ping liquid nitrogen on the milling container to prevent
Ga from melting. Melting of Ga does not appear to be a
requirement for the formation of theu-CuGa2 phase.
(5) The present investigation proves unambiguously that
MA is not a high-temperature process and that it is pos-
sible to fabricate low-temperature phases such as
u-CuGa2 phase in the Cu–Ga system.
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